WRKY proteins belong to a transcription factor (TF) family and play dynamic roles in many plant processes, including plant responses to abiotic and biotic stresses, as well as secondary metabolism. However, no WRKY gene in Panax ginseng C.A. Meyer has been reported to date. In this study, a number of WRKY unigenes from methyl jasmonate (MeJA)-treated adventitious root transcriptome of this species were identified using next-generation sequencing technology. A total of 48 promising WRKY unigenes encoding WRKY proteins were obtained by eliminating wrong and incomplete open reading frame (ORF). Phylogenetic analysis reveals 48 WRKY TFs, including 11 Group I, 36 Group II, and 1 Group III. Moreover, one MeJA-responsive unigene designated as PgWRKY1 was cloned and characterized. It contains an entire ORF of 1077 bp and encodes a polypeptide of 358 amino acid residues. The PgWRKY1 protein contains a single WRKY domain consisting of a conserved amino acid sequence motif WRKYGQK and a C 2 H 2 -type zinc-finger motif belonging to WRKY subgroup II-d. Subcellular localization of PgWRKY1-GFP fusion protein in onion and tobacco epidermis cells revealed that PgWRKY1 was exclusively present in the nucleus. Quantitative real-time polymerase chain reaction analysis demonstrated that the expression of PgWRKY1 was relatively higher in roots and lateral roots compared with leaves, stems, and seeds. Importantly, PgWRKY1 expression was significantly induced by salicylic acid, abscisic acid, and NaCl, but downregulated by MeJA treatment. These results suggested that PgWRKY1 might be a multiple stress-inducible gene responding to hormones and salt stresses.
Introduction
WRKY ( pronounced as 'worky') proteins form a large family of transcription factors (TFs) with their major occurrence in the plant kingdom [1] . The first cDNA-encoding WRKY protein was cloned in 1994 from sweet potato (Ipomoea batatas; SPF1), followed by wild oat (Avena fatua; ABF1, 2), and parsley (Petroselinum crispum; PcWRKY1, 2, 3) [2] [3] [4] . To date, an increasing number of genes encoding WRKY proteins have been experimentally identified in numerous plants, including 74 members in Arabidopsis thaliana, more than 109 in soybean (Glycine max), 109 in rice (Oryza sativa), 57 in cucumber (Cucumis sativus), and 105 members in poplar (Populus trichocarpa) [1, [5] [6] [7] [8] . In addition, WRKY proteins have also been isolated from lower plants (e.g. ferns and mosses), protist (Giardia lamblia), and slime mold (Dictyostelium discoideum) [1, 5] .
The name 'WRKY' was originated from the WRKY domain that contains a region of about 60 amino acids. The WRKY family proteins contain either one or two WRKY domains, each of which is characterized by the WRKYGQK sequence motif at their N-terminal and a Cys 2 His 2 or Cys 2 HisCys zinc-finger motif at their C-terminal. In general, the hallmark heptapeptide WRKYGQK is highly conserved in plant WRKY-DNA-binding domain (DBD) . Both motifs of the domain are necessary for high affinity binding of a WRKY protein with the W-box in the promoter of the target gene to modulate transcription [5, 9] . All the members of the WRKY family are structurally divided into three distinct groups based on both the number of WRKY domains and the pattern of their zinc-finger motif. Group I WRKYs typically contain two WRKY domains, while those with one WRKY domain belong to either Group II or III differentiated from each other according to the features of their zinc-finger motif. The Group II is further divided into five subgroups (II-a, II-b, II-c, II-d, and II-e) on the basis of additional short conserved structural motifs outside the WRKY domain. Both Group I and II have the same pattern of zincfinger motif, namely C 2 H 2 , while the domain in Group III contains a C 2 HC motif [6, 9] .
In plants, numerous WRKY proteins appear to be associated with response to biotic and abiotic stresses of wounding, pests, pathogens, drought, heat shock, freezing, cold adaptation, as well as nutrient deficiency [10] [11] [12] [13] . It is also evident that several members of this family might have key regulatory functions in trichome and seed coat development, embryogenesis, senescence, seed dormancy, germination, as well as metabolic pathways [14] [15] [16] [17] [18] . Over the past few years, WRKY TFs have been proved in the induction of natural products biosynthesis. CjWRKY1 from Coptis japonica regulates the production of the benzylisoquinoline alkaloid, berberine [19] . A number of biosynthetic genes for the sesquiterpene lactone, such as artemisinin which is a valuable anti-malaria drug, are regulated by Artemisia annua WRKY1 [20] . In addition to regulating the gene expression related to triterpene ginsenoside biosynthesis [21] , heterologous overexpression of American ginseng WRKY gene, PqWRKY1 in Arabidopsis was also found to induce gene expression associated with salt, drought, and disease resistance, leading to the development of seedling survival to salt and drought stress. A number of WRKY genes have been identified to respond to salt and various hormones such as MeJA, SA, and abscisic acid (ABA) [21, 22] associated with plant defense and secondary metabolism. Identification of hormones and salt-responsive WRKYs will thus give valuable information on plant defense and natural product regulatory networks.
Ginseng (Panax ginseng C.A. Meyer) is the king of herbs, which belongs to the Araliaceae family, and has long been used as one of the most precious herbal medicines in Eastern Asia and North America [23] . The main pharmaceutically active compounds of ginseng are ginsenosides, used in the treatment of cardiovascular disease, obesity, diabetes, cancer, stress, and aging-related diseases [24] [25] [26] . The biosynthesis of these compounds is regulated by various biotic and abiotic stresses [27] . Over the past several years, a number of WRKY genes have been cloned and confirmed to play a pivotal role in regulating tolerance to biotic and abiotic stresses, as well as numerous secondary metabolites biosynthesis in many other medicinal species [19, 21, 28] . However, due to the shortage of gene sequence information, the TF of P. ginseng has not been explored. More recently, the transcriptome of MeJA-treated P. ginseng adventitious roots has first been sequenced and analyzed using Illumina/Solexa sequencing technology [29] , and results reveals a number of helpful sequence information on various TF-related unigenes for further analysis, including full-length cDNA cloning and functional studies.
In this study, the identification of 48 PgWRKY unigenes was first reported based on our MeJA-treated P. ginseng transcriptome dataset [29] . Phylogenetic analysis was also performed based on their WRKY domain amino acid sequences to classify these WRKY proteins. A possible candidate named PgWRKY1 responding to MeJA in our transcriptome dataset was cloned. Moreover, the expression profiles of the PgWRKY1 gene under NaCl and various hormonal treatments, including MeJA, SA, and ABA, were determined using qRT-PCR. In addition, the tissue-specific expression characteristics, subcellular localization, and 3D structure of the PgWRKY1 protein were analyzed. To the best of our knowledge, PgWRKY1 is the first P. ginseng WRKY gene to be cloned and functionally characterized.
Materials and Methods

Plant materials
Four-year-old P. ginseng C.A. Meyer (Chinese Jilin ginseng cv. Damaya) was collected from the forest of the Changbai mountain of Fusong county, Jilin Province, China. MeJA-treated (Pg-MeJA) and untreated (Pg-Con) adventitious roots were used in our previous transcriptome sequencing study through the Illumina/Solexa technology [29] . Fresh ginseng adventitious roots were used for PgWRKY1 gene clone and to examine the expression profiles under various treatments. The roots, lateral roots, stems, seeds, and leaves were collected separately for RNA isolation and used for tissue-specific expression analysis.
TF search from Illumina/Solexa transcriptome dataset
MeJA-treated adventitious root transcriptome generated from 4-year-old P. ginseng through the next-generation sequencing (NGS) technology from our previous work provided a complete view on various kinds of unigenes [29] . To identify PgWRKY unigenes, this Illumina/Solexa dataset was annotated in the public databases, including NCBI non-redundant protein sequence (Nr), Swiss-prot, NCBI nonredundant nucleotide sequence (Nt), and Kyoto encyclopedia of genes and genomes (KEGG) using Blastx algorithm (E < 1 × 10 −5 ).
Subsequently, the obtained PgWRKY gene sequences were further analyzed via open reading frame (ORF) finder to confirm the presence of ORF. Manual annotation was performed for the incorrectly predicted genes and generated a final list of putative PgWRKYs (cDNAs) based on the characteristics of plant WRKYs. The molecular evolution genetics analysis (MEGA) software (version 4.0) was then used to translate the unigenes into proteins [30] . Duplicate results were removed by searching the established invariant consensus sequences WRKYGQK and known alternative WRKYGKK, WRKY-GEK, and WRKYGSK consensus sequences from the list of proteins. The finally identified PgWRKY TFs, including complete N-terminal and C-terminal ends, were classified into three TF groups (Groups I, II, and III) by constructing unrooted phylogenetic tree using MEGA 4.0 with the neighbor-joining (NJ) method [30, 31] . Afterwards, using complete amino acid sequences of PgWRKY members from Group II, blast analysis against protein sequence database of different plant species in NCBI was performed to find corresponding WRKY genes similar to that of ginseng species.
Cloning of PgWRKY1
To identify the unigenes from our dataset, a pair of primers was designed according to one randomly selected annotated unigene (CL495. Contig5) responding to MeJA in our transcriptome dataset as follows: 5′-CTTTGCTTTTCCTTAGTTG-3′ (forward primer) and 5′-GAGTTCCACTGGATCATTA-3′ (reverse primer Table S1 ). Primers used for cloning these five genes are listed in Table 1 .
Bioinformatics analysis
Heatmap was generated using HemI software (http://hemi.biocuckoo. org/down.php) [32] . The ORF analysis and amino acid sequence comparison were carried out using ORF 
Subcellular localization analysis
To examine the subcellular localization of the PgWRKY1 protein, the longest ORF of the PgWRKY1 cDNA without termination codon was amplified by PCR with primer1 containing BglII site (underlined) at 5′-end: 5′-GAAGATCTAATGACTGTTGACCTGA-3′ and primer2 containing SpeI site (underlined) at 5′-end: 5′-GGACTAGTCGAG CCGTCCGATTTAG-3′ using 2 × Taq Master Mix kit. The PCR product was introduced into the 5′ side of the GFP gene of the pCAMBIA1302 vector ( Supplementary Fig. S1 ) to generate the CaMV35S::PgWRKY1:GFP construct which was verified by sequencing. The CaMV35S::GFP construct was used as the control. The recombinant vector ( pCAMBIA1302-PgWRKY1) and the control ( pCAMBIA1302) were transformed into onion and tobacco epidermal cells with injector via Agrobacterium tumefaciens GV3101. After the transformed onion and tobacco epidermis cells were incubated for 48 h at 28°C in the dark, green fluorescent protein (GFP) and DAPI (4′,6-diamidino-2-phenylindole) were visualized under a fluorescent microscope (Nikon Eclipse 80i; Nikon, Tokyo, Japan). GFP excitation was detected between 460 and 500 nm as blue color and emission from 515 to 550 nm as green color, while DAPI excitation was observed as ultraviolet (UV) light from 340 to 500 nm and emission from 435 to 485 nm in blue color. Finally, all the images were captured with a ×40 objective lens.
Stress and hormone treatments
To examine the responses of PgWRKY1 gene to salt and hormone treatments, adventitious roots that had been cultured for 2 weeks were transferred in Murashige and Skoog media containing 200 µM MeJA, 200 µM SA, 20 µM ABA, and 50 µM NaCl, and then kept shaking (110 rpm) at 28°C. The adventitious root samples at 0, 3, 6, 12, 24, 36, and 48 h post-treatment were collected and frozen in liquid nitrogen. The harvested samples were then stored at −80°C for RNA extraction.
Expression analysis by quantitative real-time PCR (qRT-PCR)
Total RNA was extracted using E.Z.N.A plant RNA kit from the above harvested adventitious root samples according to the manufacturer's procedure. The RNA samples were then reverse transcribed into cDNA using the RevertAid First-Strand cDNA Synthesis kit (Thermo Fisher Scientific). The following gene-specific primers were used in the reaction: 5′-CACCAACAGCATCAACAGCG-3′ (forward primer) and 5′-TTCGGGACCCATTAGACATCA-3′ (reverse primer). A housekeeping gene β-actin (GenBank accession number KF699319.1) was used as standard control using the following primers: 5′-TGGC GGTTGAGGTGGTGGGT-3′ (forward primer) and 5′-GAGCGTCC TACTAACAAGGCAGAG-3′ (reverse primer). The cDNA was amplified with the fluorescent dye 2 × UltraSYBR Mixture (CWBIO) using Mastercycler ep realplex (Eppendorf, Hamburg, Germany) under the following conditions: 95°C for 10 min; 95°C for 15 s, 60°C for 30 s, 40 cycles. The reaction mixture (50 µl) contained 25 µl of 2 × UltraSYBR Mixture (with ROX), 1 µl of each primer (10 µM), 1.5 µl of cDNA, and 21.5 µl of ddH 2 O. All the qRT-PCRs, including non-template controls, were performed in triplicate with three independent biological replicates. At the end of the amplification cycle, the melting curve of amplified products was generated for each reaction to ensure specific amplification. 
The relative expression level of PgWRKY1 was calculated using the 2 −ΔΔt method.
Statistical analysis
Results were presented as the mean ± the standard deviation (SD) from three independent experiments, and each of those was calculated with three replicates. Statistical analysis was conducted using the analysis of variance. Comparisons of mean were carried out using the least significant difference test at P = 0.05. The difference was considered statistically significant when P < 0.05.
Results
Identification of PgWRKY1 from the Illumina/Solexa dataset
A total of 71,095 unigenes from MeJA-treated adventitious roots of P. ginseng were identified via Illumina/Solexa platform sequencing in our previous study [29] . Among them, 186 unigenes based on NCBI Nr, NCBI Nt, Swiss-prot, and KEGG databases were found to be annotated as putative WRKY genes. After excluding sequences that were wrong or incomplete ORFs, a total of 48 promising PgWRKY unigenes were identified, which contain nucleotide sequences between 1123 and 2543 bp with the average length of 1608 bp (Supplementary Table S2 ). These WRKY genes were translated into proteins through the MEGA 4.0 software [30] and the WRKY domains containing the WRKYGQK sequence motif and the zinc-finger motif (C 2 H 2 or C 2 HC) were further checked to avoid duplicate results. The 48 WRKY domains with complete N-terminal and C-terminal WRKY ends were then classified into three groups (Groups I, II, and III) using unrooted phylogenetic analysis ( Fig. 1) with the already classified AtWRKYs from Arabidopsis, OsWRKYs from O. sativa, and PqWRKYs from P. quinquefolius [1, 9, 21] as references. Eleven PgWRKYs with two WRKY domains were assigned to Group I. Their zinc-finger structure is C 2 H 2 with a pattern of C-X 5 -C-X 23 -H-X-H. Since the N-and C-terminal domains produce distinct clusters, we designated them as I-N and I-C, respectively. Thirty-six PgWRKYs with single WRKY domain containing C 2 H 2 zinc-finger (C-X 5 -C-X 23 -H-X-H) were assigned to Group II. They were further assembled into five subgroups: Group II-a (4 proteins), Group II-b (7 proteins), Group II-c (7 proteins), Group II-d (13 proteins), and Group II-e (5 proteins). The remaining one protein with single WRKY domain was assigned into Group III and its zinc-finger structure was C 2 HC (C-X 7 -C-X 23 -H-C). Moreover, the amino acid sequences of the 48 PgWRKY proteins were also aligned and only the regions containing the WRKY motif and the zinc-finger motif were used for comparison ( Fig. 2A) . In addition, although the two WRKY domains of Group I members were found to be functionally distinct, only the second WRKY domains near the C-terminal ends were compared as they were proved to have sequence-specific binding ability to the target DNA sequence [2, 33] . The sequences in the WRKY motif and the zinc-finger motif were found to be highly conserved with the exception of three variants including CL6010.Contig2 (Group II-b), Unigene 19368 (Group II-d), and CL5364.Contig3 (Group II-e). The 'CL6010.Contig2' WRKY protein showed a little variation in the sequences of zinc-finger motif compared with other members in the group. Moreover, most of the 48 PgWRKY proteins were identified to contain the conserved WRKYGKQ residues with the exception of two proteins with the alternative WRKY motif sequences: WKKYDQK (Unigene 19368) and WRKYGKK (CL5364. Contig3). These two proteins were grouped into the subgroup II-d and II-e, respectively. It is noteworthy that WKKYDQK sequence of 'Unigene 19368' has not previously been identified in any other species. This sequence variation within the conserved domain suggested that multiple WRKY genes should widely represent P. ginseng genome and may play a species-specific biological role in the growth and development of this species. To get an full picture in terms of the MeJA-treated expression levels of the above-mentioned 48 PgWRKY candidates, a heatmap diagram (Fig. 2B) was generated on the basis of the log 10 (FPKM) values of Pg-Con (control) and Pg-MeJA (MeJA treated), which showed an average expression of each unigene. Among them, 39.58% (19 out of 48 unigenes) showed upregulated trends, 27.08% (13 unigenes) showed downregulated trends, and 33.33% (16 unigenes) did not show differential expression levels (Supplementary Table S2) , implying their putative roles in secondary metabolism. It is worth mentioning that the unigene 'CL495.Contig5' selected for cloning in this study was found to be downregulated in our MeJA-treated Solexa/Illumina dataset.
Cloning and phylogeny of PgWRKY1
Based on the current data, one annotated unigene (CL495. Contig5) corresponding to MeJA in our Illumina/Solexa-based expression dataset was randomly selected. The primers were then designed, and the selected WRKY candidate named PgWRKY1 (GenBank accession number KR060074) was successfully cloned. The full-length cDNA of the PgWRKY1 is 1167 bp with 5′-UTR (35 bp) and 3′-UTR (55 bp) sequences (Figs. 3 and 4) . The ORF encodes a protein with 358 amino acid residues with a calculated MW of 39.68 kDa and an PI of 9.54.
Comparison with the sequence alignment of other WRKY group II members from different plants, the PgWRKY1 protein was found to have a single WRKY domain consisting of one WRKYGQK sequence motif located at the N-terminal and one C 2 H 2 (C-X 5 -C-X 23 -H-X-H) type zinc-finger motif at the C-terminal (Fig. 5) , indicating that it is a subgroup II-d protein according to the classification of the WRKY superfamily [9, 31] . According to phylogenetic tree, PgWRKY1 was found to be grouped closely with PqWRKY1. Although PqWRKY1 was assigned to subgroup II-c [21] , it was really found to be included within the II-d subgroup when compared with the entire Arabidopsis and O. sativa WRKY family (Fig. 1) . In addition, the rooted phylogenetic analysis (Fig. 6) showed that WRKY proteins along with PgWRKY1 formed one branch in the tree, even if they were derived from different plant species. In particular, PqWRKY1, PcWRKY3, IbWRKY1, NbWRKY17, and StWRKY12 showed very high similarity to PgWRKY1, with 98.60%, 59.84%, 57.41%, 62.80% and 67.12% similarity, respectively. All these observations indicated that PgWRKY1 is a member of WRKY gene family.
Structure analysis of PgWRKY1 protein
The single WRKY-DBD of PgWRKY1 was detected via NCBI Conserved Domains Finder (CDF) database (Fig. 7A) . The instability index (II) of the protein was determined to be 47.36 [34, 35] . Transmembrane prediction with TMHMM server V.2.0 showed that such transmembrane helix was not found in PgWRKY1 protein, indicating that it is not a transmembrane protein (Fig. 7B) . The predicted secondary structure of PgWRKY1 protein is shown in Fig. 7C . It has 16.48% (59 amino acid residues) alpha helix (Hh), 18.44% (66 amino acid residues) extended strand (Ee), and 65.08% (233 amino acid residues) random coil (Cc). Based on amino acid sequence (Fig. 8A) , the predicted three-dimensional structure of PgWRKY1 protein using Phyre2 [37] and Swiss-Model software [38] was shown in Fig. 8B-E and F,G, respectively. The results of PgWRKY1 protein function prediction with ProtFun procedure [39] listed in Table 2 showed that the key function of PgWRKY1 was translation, and its gene ontology category indicated transcription regulation.
Subcellular localization of PgWRKY1 protein
All the discovered WRKY proteins in various plant species have been shown to be present in the nucleus [6, 22] . To demonstrate that PgWRKY1 is indeed nucleus-localized, 35S::PgWRKY1:GFP fusion and the 35S::GFP control gene were injected into onion (Allium cepa) and tobacco (Nicotiana tabacum) epidermal cells by Agrobactrium rhizogenes injector, and then cells were observed under a fluorescent microscope. Both the PgWRKY1:GFP and GFP genes were expressed at a high level in the injected cells under the control of highly powerful cauliflower mosaic virus (CaMV) 35S promoter. Fluorescent microscope imaging showed that PgWRKY1::GFP fusion protein was prominently present in the nucleus of onion and tobacco epidermal cells in a transient expression assay (Fig. 9) . In contrast, the GFP control protein alone showed GFP signal both in the entire cytoplasm and in the nucleus. These results suggested that the PgWRKY1 protein is a nuclear-localized protein that is consistent with its predicted function as a TF.
Expression pattern of PgWRKY1
More evidence showed that plant WKRY genes have various expression patterns in different plant organs. For example, OsWRKY82 was found to be expressed differentially in all investigated tissues, including stems, leaves, flowers, and grains [40] . CrWRKY1 in Catharanthus roseus was shown to be preferentially expressed in roots, indicating that it is a key factor in determining the root-specific accumulation of serpentine in C. roseus plants [28] . In this study, the expression pattern of the PgWRKY1 gene in P. ginseng tissue was investigated using qRT-PCR analysis. As shown in Fig. 10 , PgWRKY1 was expressed differentially in leaves, roots, lateral roots, stems, and seeds. The expression of PgWRKY1 was high in lateral roots (5.07-fold) and roots (4.53-fold) compared with that in leaves (1-fold), indicating an increased accumulation of PgWRKY1 mRNA in P. ginseng roots. Likewise, a relative decrease of PgWRKY1 transcripts was observed in stems (0.97-fold) and seeds (0.55-fold) compared with that in leaves. These results indicated a constitutive basal expression of PgWRKY1 in P. ginseng in a tissue-and development-dependent manner.
Expression profiles of PgWRKY1 in response to hormones and abiotic stress
The WRKY genes have been demonstrated to respond to MeJA, ABA, SA, and salt treatments associated with many life processes, including stress resistance and natural products regulation [21, 41, 42] . Therefore, to identify the possible involvement of PgWRKY1 gene in hormone-dependent defense signaling pathways and in improving stress tolerance, its expression profiles at different time points after MeJA, SA, ABA, and NaCl treatments of P. ginseng adventitious roots were monitored.
MeJA is an important and potent elicitor of specialized metabolites formation including ginsenosides in P. ginseng and other medicinal plants [28, 43] . MeJA treatment was demonstrated to regulate the expression of AtWRKY38 and AtWRKY70 in A. thaliana in a timedependent manner [44, 45] . Moreover, expression analysis of P. quinquefolius treated with MeJA at different time points showed that PqWRKY1 was induced within 24 h [21] . The candidate 'CL495.
Contig5' selected for cloning (PgWRKY1) in this study was found to be downregulated in our MeJA-treated Solexa/Illumina dataset (Fig. 2B) . Based on the analysis of the full-length PgWRKY1 protein, it was concluded that the protein structure of PgWRKY1 is closely related to the structure of PqWRKY1 with 98.60% similarity. Therefore, the expression profiles of PgWRKY1 in the adventitious roots after treatment with MeJA were analyzed at different time points. Results showed that MeJA did not induce PgWRKY1 expression (Fig. 11A) , rather it significantly reduced PgWRKY1 expression, which validates our MeJA-treated transcriptome expression data, but differs from the PqWRKY1 expression data. PqWRKY1 induction has been identified in American ginseng leaves, but not in adventitious roots that may respond to MeJA differently [46] . Our qRT-PCR analysis (Fig. 11A) showed a remarkable decrease in the transcripts of PgWRKY1 gene at the first 3 h of MeJA treatment. The decreased transcripts were observed at all time points of treatment and the expression level reached the lowest level at 48 h post-treatment compared with the control. The statistical analysis indicated that the change in the expression level of PgWRKY1 was extremely significant (P < 0.01). Previous reports also showed that CrWRKY18, CrWRKY21, CrWRKY41, CrWRKY45, and CrWRKY48 in C. roseus were all significantly downregulated at all time points after MeJA treatment. CrWRKY8 and CrWRKY5 were upregulated after 1 h of MeJA treatment and downregulated thereafter [47] , and this phenomenon was without exception for AaWRKY1 in A. annua leaves [20] .
In model plants, WRKY TF family is well recognized in SA and defense signaling pathways. The major part of Arabidopsis WRKY TFs are induced upon SA treatment [48, 49] . Previously, MeJA-regulated WRKY genes were found to be regulated by SA as well [42, 50] . To support this idea, the expression analyses of PgWRKY1 in response to SA were investigated. After this treatment (Fig. 11B) , the PgWRKY1 expression was induced by SA, but in different patterns. The expression of PgWRKY1 was decreased at 3 h and further downregulated at 6 h after treatment. However, the expression increased from 12 h and reached the highest level (∼2.69-fold) at 36 h posttreatment compared with the control. Finally, the transcripts of PgWRKY1 were remarkably decreased during the next 48 h after treatment (P < 0.01). The SA induction pattern of PgWRKY1 is similar to that of WRKYs from other plants. For instance, SA treatment exhibited the best induction of OsWRKY71 in rice leaves at 30 min and significantly decreased thereafter [51] . In some cases, SA also generated responses in abiotic stresses. The MusaWRKY71 gene of Musa spp. cv. Karibale Monthan was shown to be induced rapidly in both roots and leaves in response to cold, salt, and dehydration stresses [22] . Together with these reports, our results indicated an interaction between MeJA and SA signaling pathways and signified the importance of the PgWRKY1 gene in plant defense responses. ABA is a stress hormone that also mediates plant responses to abiotic stresses, including high salinity, drought, and low temperature. Evidence showed that MeJA positively regulates AtWRKY18 and AtWRKY40, which negatively regulate ABA response [52] . LtWRKY21 transcripts in vegetative tissues of Larrea tridentate is induced upon ABA treatment and in response to various environment stresses such as water deficit, wounding, drought, and salt stresses [53] . The transcripts of GhWRKY 3/14/20/24/33/34 in cotton and OsWRKY24/51/71/72 in rice were previously reported to be upregulated in roots by ABA treatment [54, 55] . In this study, PgWRKY1 expression was found to be induced rapidly and robustly at the beginning of treatment with ABA (Fig. 11C) . The transcript level of PgWRKY1 increased rapidly and peaked within 3 h (6.68-fold more than the control level). Then, the expression decreased ∼558% at 6 h and 201% at 12 h post-treatment. The transcript level of PgWRKY1 increased slightly at 24 h and began to decline again and returned to the control level within 36 h. Expressions of WRKY genes that may contribute to secondary metabolites regulation are predicted to be altered before early and mid-stages of the metabolites biosynthesis pathway [47] .
Salinity stress in soil or water is one of the most serious abiotic stresses especially in arid and semi-arid regions that can severely limit plant growth and crop yield, as well as affect the gene expression in plants [56] . In addition, the salinity stresses are closely associated with the ABA signaling network. Besides various hormones, salt was also implicated in regulating WRKY gene expression. Both ABA and NaCl have previously been reported to regulate the expression of MusaWRKY71 in cotton and OsWRKYs in rice [22, 42] . Taking this view into account, PgWRKY1 expression analysis was carried out upon NaCl treatment. Results showed that the induction pattern was almost the same as that of the MusaWRKY71 and OsWRKY genes expression. After this treatment (Fig. 11D) , PgWRKY1 expression began to rise immediately at 3 h (2.34-fold) and maintained at this level up to 6 h. Then, the PgWRKY1 expression level continually declined and this trend lasted up to 48 h post-treatment until the original level was reached. The statistical analysis showed that the expression change was extremely significant (P < 0.01) upon NaCl treatment. Based on these results, PgWRKY1 gene can be presumed as part of the complex signal networks regulating salt stress response in P. ginseng.
Discussion
Based on the different DBDs, the TFs have been categorized into different families or superfamilies, where the WRKY proteins are plant-specific proteins involved in multiple functions of plant growth and development [1, 5, 10] . In the past, however, a large number of WRKY members and their novel functions and significances have been identified mostly in model plants like A. thaliana and O. sativa [9, 10, 57] . Moreover, in recent years, many WRKY genes have been isolated and functionally characterized in medicinal plants such as Coptis japonica, C. roseus, and A. annua [19, 20, 28] . The PqWRKY1 from P. quinquefolius represents the first discovery of WRKY TF in Panax species [21] . In spite of pharmaceutical and industrial importance associated with P. ginseng since ancient times, no study has been carried out in the characterization and expression of any WRKY in P. ginseng. Moreover, public databases for WRKY gene discovery are not currently available for this species with the exception of a few expressed sequence tags using the traditional Sanger sequencing method. In addition, the large-sized tetraploid (2n = 4× = 48) and highly complex genome of ∼3.2 Gb of this species [58] are big challenges for obtaining the whole genomic sequence using this traditional method. As a result, the lack of genomic knowledge complicates the analysis of WRKY gene family in P. ginseng, in particular the gene structures and expression profiles. The completion of our transcriptome sequence on this species based on the NGS technology [29] has enabled comparative genomic studies as well as the identification of new PgWRKY genes.
In this study, our Illumina/Solexa dataset on MeJA-treated P. ginseng transcriptome was comprehensively searched for WRKY unigenes. A total of 492 unigenes encoding TF proteins were identified, which represent three major TF families, namely WRKY, MYB, and MYC. The WRKY family represents a large family in P. ginseng with high number of unigenes (186), indicating that WRKYs might have essential functions in many life processes of this species. Therefore, by further analysis, a total of 48 promising transcripts encoding PgWRKY proteins along with their expression levels upon MeJA treatment were identified ( Fig. 2B and Supplementary Table S2 ). Our results indicated that the P. ginseng WRKY family is similar in size to Cucumis sativus, Fragaria vesca, Jatropha curcas, Carica papaya, and C. roseus with 55, 56, 58, 66 and 52 WRKYs, respectively [7, 47, [59] [60] [61] . Panax quinquefolius is closely related to P. ginseng and also produces pharmaceutically valuable ginsenosides. Forty-five WRKY transcripts (16 Group I, 24 Group II, and 5 Group III) were found in P. quinquefolius [21] , close to the 48 WRKY transcripts (11 Group I, 36 Group II, and 1 Group III) identified in P. ginseng. Using unrooted phylogenetic analysis of the WRKY families in P. ginseng, A. thaliana, and other plant species, these PgWRKY genes were assigned into three groups (Fig. 1) , which facilitated the identification of specific subgroups and expansion process of the WRKY genes as well. Group III WRKY TFs are believed to have dramatically expanded during the evolution of angiosperms and can be classified into different subgroups depending on the species [62, 49] . Panax quinquefolius contains five group III WRKY TFs that are in subgroup III-a [21] . Only one group III WRKY TF was identified in P. ginseng. Proportionally, the number of group III PgWRKY TFs is smaller than that of P. quinquefolius, suggesting that this group has not undergone significant expansion as occurred in American ginseng, rice, and Arabidopsis [21, 62] . The aligned amino acid sequences of 48 PgWRKYs revealed that WRKYGQK sequence motif across the WRKY domains is conserved with the exception of 'Unigene 19368 (WKKYDQK) ' and 'CL5364.Contig3 (WRKYGKK) ' (Fig. 2A) . More evidence indicated that several plants hold variants of the highly conserved WRKYGQK motif including WRKYGEK, WRKYGKK, WRKYGSK, and WRKYGRK [1, 47] . Variation in this motif can reduce, alter, or eliminate DNA-binding activity of WRKY TFs. Previously, mutagenesis of the conserved glutamine was shown to reduce but not eliminate DNA-binding [63] . Recently, AtWRKY50 was reported to bind to the GAC core of the W-box with less preference for 5′ or 3′ bases [64] . Therefore, both the WKKYDQK and WRKYGKK variants identified in this study are anticipated to bind with DNA. These results will be a potential resource to provide useful PgWRKY candidates in support of genetic improvement of medicinal traits and stress tolerance in P. ginseng and probably other ginseng species.
Importantly, the PgWRKY1 (CL495.Contig5) containing the complete coding sequence (CDS) and responding to MeJA in the Illumina/Solexa dataset was selected for cloning, which provides more insights into the expression patterns under SA, ABA, NaCl, or MeJA treatments. Recently, the WRKY domains thought to be functional units of WRKY proteins were shown to play an important role in the regulation of various physiological processes of wheat in response to various environmental stimuli [65] . Moreover, analysis on the 3D structure of the C-terminal domain of AtWRKY4 has shown that the conserved WRKYGQK sequences are strongly and directly involved in DNA binding [36] and the substitution of each of the amino acids from WRKYGQK residues with alanine decreased the DNA-binding activity [66] . Thus, the PgWRKY1 protein sequence possesses one conserved WRKY domain which includes a fully established invariant WRKY motif (WRKYGQK) and a zinc-finger motif C 2 H 2 in the center of polypeptide (Fig. 4) , indicating that PgWRKY1 might have high DNA-binding activity like other functional plant WRKY TFs. Furthermore, domain prediction of the deduced full-length protein also clearly showed that PgWRKY1 contains one conserved WRKY-DBD (Fig. 7A) . To clarify the relationships among the WRKY-DBD regions, we performed multiple alignment analysis of WRKY subgroup II-d protein members from A. thaliana, O. sativa, and P. quinquefolius (Fig. 5) . The high sequence identities indicate that the amino acid residues are highly conserved among WRKY proteins. Our phylogenetic analysis (Fig. 6) showed that in the WRKY family, PgWRKY1, PqWRKY1, and PcWRKY3 are highly homologous and show highly similar features, indicating a possible functional similarity among them. WRKY TFs have previously been reported to be a nucleus-targeted protein and tissue-specific [28, 33] . Similar to those plant WRKY factors, PgWRKY1 was also found to be localized in the nucleus (Fig. 9) . Expression analysis of PgWRKY1 in various tissues (Fig. 10) under normal condition reveals that it is preferentially expressed in lateral roots and roots compared with leaves, stems, and seeds, indicating its possible importance for high valuable roots of P. ginseng. Moreover, the wide expressions of PgWRKY1 in various organs suggested that it may play regulatory roles in multiple developmental stages of P. ginseng tissues.
Gene expression analysis is essential for understanding the possible biological functions of a gene. Hormones have been proved to affect the expression of many genes and regulate a wide range of developmental processes, as well as responses of plants to stresses. Several WRKY genes from a number of plant species have been confirmed to be upregulated by one or more phytohormones, including SA, MeJA, ABA, and abiotic stress NaCl [40, 55] . About 109 WRKY proteins have been identified in rice [42, 51] , which mostly were involved in responses to various hormones, biotic, and abiotic stresses. Besides, the recently discovered PqWRKY1 in American ginseng was shown to be up-egulated rapidly during MeJA treatments [21] . Here, we tried to demonstrate whether the expression profiles of PgWRKY1 are related of means from three independent experiments. The relative expression was calculated using the 2 −ΔΔt method based on the corresponding gene expression in leaf. The differences between the transcript level of lateral roots, roots, leaves, stems, and seeds are statistically significant (*P < 0.05, **P < 0.01) according to independent samples t-test.
to various phytohormone treatments and NaCl stress. According to our results, PgWRKY1 transcript was significantly upregulated by the treatment with SA, ABA, and salt, but declined by MeJA treatment (Fig. 11) . The expression of PgWRKY1 upon MeJA treatment seemed not similar to that of the PqWRKY1 expression, upon SA, ABA, and salt treatments, respectively. However, it is noteworthy that PgWRKY1 expression result is consistent with the result of our MeJAtreated adventitious root transcriptome expression dataset (Fig. 2B) . Previous studies reported that ABA, SA, and MeJA treatment resulted in different trends of expression patterns. For example, GaWRKY1 from cotton and AtWRKY40 from Arabidopsis were found to negatively regulate ABA response, but positively regulate MeJA responses [52, 67] . Moreover, it is also evident that the genes which were significantly upregulated by SA were not shown to be induced upon MeJA treatment and vice versa, which is consistent with the known antagonistic effect of MeJA and SA on gene expression [68] . The PgWRKY1 in this study was found to be upregulated after treatment with SA, but downregulated upon MeJA treatment, which is also in agreement with the above result. PgWRKY1 is the first TF gene that has been cloned and preliminarily identified in P. ginseng as a multiple stress-inducible gene in response to salt stress and several phytohormones. Moreover, this work provides a fundamental knowledge that will help to further elucidate the molecular mechanisms controlling the biosynthesis of pharmaceutically valuable ginsenosides in P. ginseng and its closely related species.
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